A liquid chromatography/mass spectrometry (LC/MS) method for amnesic shellfish poisoning toxins in shellfish was developed and validated. Tissue homogenate (4 g) was extracted with 16 mL methanol-water (1 + 1, v/v). Dilution into acetonitrile-water (1 + 9, v/v) was followed by C18 solid-phase extraction cleanup. Domoic acid (DA) and epi-domoic acid were determined by LC/MS/MS with electrospray ionization and multiple reaction monitoring. External calibration was performed with dilutions of a certified reference standard. Advantages of this method include speed, lower detection limits, and a very high degree of specificity. The LC/MS response was highly linear, and there were no significant interferences to the determination of DA. Formal method validation was performed on 4 shellfish species. Fortification studies gave recoveries (mean ± SD; n = 24) of 93 ± 14% at 1 mg/kg, and 93.3 ± 7.6% at 20 mg/kg over all the species. Analysis of a mussel certified reference material showed the bias as <5%. The limits of detection and quantitation were 0.15 and 0.5 mg/kg, respectively. Routine application of the method over 4 months gave a recovery for the QC sample (1 mg/kg fortified blank mussel homogenate) run with each batch of 88.9 ± 5.5% (mean ± SD; n = 37). The total uncertainty of measurement results were estimated as 0.12 (12%) at 0.25-5 mg/kg and 0.079 (7.9%) at 5-50 mg/kg. The major contribution to the uncertainty was the repeatability of the LC/MS determination, probably arising from subtle matrix effects.
A mnesic shellfish poisoning (ASP) toxins are neurotoxic nonprotein amino acids that occur naturally as a variety of geometrical isomers with variations in the stereochemistry and positions of the 2 double bonds in the C 8 side chain. The predominant form produced by Pseudo-nitzschia diatom species and found accumulated in toxic shellfish is domoic acid (DA; 1). Epidomoic acid (epi-DA), the diastereoisomer at the 5N position, is also commonly present in lesser amounts. Conventionally, ASP toxin levels are defined as the sum of DA and epi-DA with an internationally accepted regulatory limit of 20 mg/kg in edible parts of shellfish. Several isomeric forms have been reported as minor components from contaminated shellfish (1) (2) (3) . DA and 5 other isomers have been isolated from the red alga Chondria armata (4, 5) .
Routine determination of ASP toxins in shellfish has generally depended on methods based on liquid chromatography (LC) with UV detection (242 nm). The method of Quilliam et al. (6) , which includes an ion-exchange cleanup, has proved very reliable in our laboratory. However, mass spectrometric (MS) detection has many advantages for determination of marine biotoxins because of the high sensitivity and specificity. LC/MS techniques for ASP toxins have been described (1, (7) (8) (9) (10) . Tandem mass spectrometry (MS/MS) further enhances selectivity by the use of multi-stage mass separation and fragmentation steps. LC/MS/MS methods for ASP toxins in shellfish (8, 9) use MS/MS techniques to minimize background interferences and maximize confirmatory information.
A new biotoxin management is being implemented in New Zealand based on phytoplankton monitoring and testing of shellfish for discrete toxins and their metabolites by using instrumental methods, particularly LC/MS (11) (12) (13) . As part of this program, a new method for determination of ASP toxins by using LC/MS/MS was developed and validated. Data on the precision of the method were gathered as part of the validation and through performance verification during routine application of the method. These data sets were analyzed to provide information on the uncertainty of measurement of the method.
Experimental

Principle
Subsamples of shellfish tissue homogenate were blended with methanol-water and centrifuged. An aliquot of the supernatant was diluted into aqueous acetonitrile. An aliquot of the diluted extract was passed through a C18 solid-phase extraction (SPE) column. The eluant was analyzed for DA and isomers by LC/MS using a C18 column and an acidic-buffered mobile phase with electrospray ionization and multiple reaction monitoring (MRM) of 2 fragment ions of the protonated molecular cation.
Materials
Samples of Greenshellä mussel (Perna canaliculus), Pacific oyster (Crassostrea gigas), cockles (Austrovenus stuchburyi), and scallop (Pecten novaezelandiae) were obtained during routine shellfish monitoring. The flesh of a minimum of 12 shellfish specimens per sample was blended to a fine puree and stored at -20°C in a sealed container. For scallop, the gonad tissue (roe) was separated before homogenization. For other shellfish, whole tissues were taken. Fortification experiments were performed by adding aliquots of DA in methanol to subsamples of blank shellfish homogenate immediately before extraction. The accuracy of the method was established by using dilutions of a certified reference material (CRM; pasteurized mussel homogenate, MUS-1B, 39 ± 1 mg/kg DA plus epi-DA; Institute for Marine Biosciences, NRC, Halifax, NS, Canada). Accurately weighed portions of the well-mixed CRM were mixed with blank mussel homogenate to prepare 2 homogenates containing 9.75 ± 0.25 and 20.0 ± 0.5 mg/kg DA plus epi-DA, respectively. (f) DA.-Certified standard solutions in methanol (DACS-1D 1 mL vials, 87.7 mg/mL) were obtained from the Institute for Marine Biosciences. Calibration standard solutions were prepared by dilution in 10% acetonitrile-water (v/v) to 1000, 500, 200, 100, 20, and 5 ng/mL (storage 4°C, up to 7 days). Solid material (ca 1 mg >99%) was obtained from Sigma-Aldrich-Supelco Ltd. (Castle Hill, Australia) and dissolved in methanol plus a 20-fold dilution to provide 2 solutions for fortification experiments ca 200 and 10 mg/mL DA (storage 4°C up to 3 months). These solutions were accurately calibrated against DAC-1D by using LC/MS of dilutions in 10% acetonitrile.
Chemicals and Reagents
Extraction and Cleanup of Shellfish
Shellfish tissue homogenate (4.0 g) was blended with 16 mL 50% methanol-water (v/v). Following centrifugation (3000´g, 15 min), an aliquot of supernatant (0.5 mL) was diluted with 4.5 mL 10% acetonitrile-water (v/v). An aliquot (1.2 mL) was applied to a C18 SPE column mounted on an extraction manifold without pretreatment of the column. Vacuum was applied and the eluant was collected (1 drop/s) in an autosampler vial. For extractability tests, a second homogenization with 16 mL 50% methanol was performed after the first extract was decanted from the pellet. Carryover of DA from retention of the first extract in the pellet was estimated by weighing and drying the pellet.
Analysis of Domoic Acid and Isomers by LC/MS/MS
A high-performance liquid chromatograph (Model 2790; Waters Corp., Milford, MA) was coupled to a triple-stage quadrupole mass spectrometer (Quattro Ultima, Micromass Ltd., Manchester, UK). Column: Luna 5 mm C18 (2) 150´2 mm (Phenomenex) operated at 30°C with 0.2 mL/min isocratic eluant [90% methanol-water 33% (v/v) plus 10% 40mM ammonium hydroxide-500 mM formic acid]. The injection volume was 10 mL, run time 10 min. The Z-spray atmospheric pressure ionization (API) source was operated at 100°C with capillary voltage 3.5 kV and cone voltage 50 V. Nitrogen gas was used for nebulization and desolvation (400°C). MRM windows (3.5-10 min) were established for DA by using the daughters from m/z 312.15 (MH + ) at m/z 266.14 (quantitation channel) and m/z 161.10 (confirmation channel). The collision energy was 20 eV with argon gas at 2.2´10 -3 Torr. The ratio of peak areas for the quantitation and confirmation channels was used for confirmatory purposes. Quantitative data were calculated from MRM peak areas. A linear external calibration was established from the 6 initial standard dilutions of DA in 10% acetonitrile (5-1000 ng/mL) and 200 ng/mL injections after every 5 shellfish extracts. If calibration drift exceeded 20% through the run, then single-point recalibrations were performed.
Results and Discussion
ASP Toxins by LC/MS/MS
This method was developed and validated as an alternative to the standard method for DA in shellfish based on LC with UV detection (6) . A similar sample extraction with methanol-water (1 + 1) is used. The rapid SPE cleanup was designed to remove proteinaceous and lipophilic coextractives. The centrifugation and SPE steps also obviated the need for microfiltration of extracts before LC/MS. The acidic buffering of the LC eluant stabilized both the chromatographic behavior and electrospray ionization of the highly polar DA. Epidomoic acid was not fully resolved from DA under the rapid LC conditions, and the 2 toxins were quantitated together. All data reported here for DA, therefore, refer to the sum of epi-DA and DA.
Other minor isomers eluting before DA were resolved from the main peak envelope. The electrospray spectrum of DA in the acidic ammonium formate buffer was dominated by the MH + species (m/z 312) with only minor amounts of MNa + , and other adducts or fragment ions. Collisional activation of MH + gave a spectrum of fragment ions. The dominant ion at 20 eV collision energy was m/z 266 (loss of carboxyl plus proton), and this mass transition was selected for MRM quantitation. The ion at m/z 161 (loss of 3 carboxyls) was chosen as the MRM mass transition for confirmation with a peak area ratio (Quan/Conf) of 3.1 ± 0.2. The response was highly linear over the range of 50 pg-10 ng DA injected, equivalent to 0.25-50 mg/kg in shellfish with R 2 0.996 ± 0.003 (mean ± SD; n = 7 over 6 weeks). Drift in response through the run (20-30 samples and standards) was generally <20%.
The LC/MS determination of DA and epi-DA (combined peak) in the MRM MS/MS mode of operation provided very high specificity of detection. There were no significant interferences to the determination of DA in the 4 shellfish species studied down to very low levels ( Figure 1 ). It was difficult to find true blank scallop samples with roe frequently containing low levels of DA in the range 0.2-0.5 mg/kg. The ratio of responses for DA on the quantitation and confirmation channels was a reliable confirmation of the identity of DA in these tissues. Although accurate limits of detection (LODs) were not established by using low-level fortifications, the background signals for blank shellfish indicated that the LOD was about 0.15 mg/kg (signal-to-noise ratio of 3), and a conservative limit of quantitation of 0.5 mg/kg was assigned to the method.
Method Precision and Accuracy
Initial experiments using an LC/MS mobile phase of 10% acetonitrile-buffer (9 + 1, v/v) gave encouraging results in terms of sensitivity and recovery. However, the recoveries for fortified cockle tissue were significantly greater than for the other 3 tissues (126 versus 87-95%). Enhancement or suppression effects are common in electrospray ionization due to co-eluting coextractives that may not give rise to signals in the analyte mass channels (14) . The enhancement of DA response in the presence of cockle tissue could be reduced by using a lower concentration of acetonitrile in the mobile phase, which extended the retention time of DA to 13 min. However, the same result was obtained by changing the mobile phase to 33% methanol-buffer (9 + 1, v/v), with the additional advantages of a short retention time for fast analysis and slightly enhanced sensitivity. Consistent and high recoveries were obtained for the 4 tissues by using this system (Table 1 ). There was some evidence for lower recoveries with Pacific oyster and more variable recoveries with scallop roe. Correction for the tissue blanks in scallop roe will have enhanced the variability at the low fortification level. Over all tissues, the recoveries were (mean ± SD; n = 24) 93 ± 14% at 1 mg/kg and 93.7 ± 7.6% at 20 mg/kg. The accuracy of the method was established by using mussel CRM in 2 separate experiments. Quadruple portions of a prepared homogenate (9.75 mg/kg DA) were extracted and 4 replicate aliquots were cleaned up by SPE and analyzed by LC/MS, with DA found at 10.2 ± 0.4 mg/kg (mean ± SD). Duplicate portions of another homogenate (20.0 mg/kg DA) were similarly tested with DA found at 19.8 ± 0.3 mg/kg (mean ± SD). The biases (found -expected) for these tests were +4.3 and -1.1%, respectively, which are within the precision limits for the CRM and establish the method as of excellent accuracy.
The high extractability of DA from scallop roe by 50% methanol was confirmed by tests on 2 samples naturally contaminated with DA at about 1.5 mg/kg. A second extraction of the sample pellet following centrifugation showed that only 3-7% of the total DA was in the second extract (corrected for retention of fluid in the pellets). Separate tests using 90% methanol as the extractant gave >15% total DA in the second extracts of the CRM and a naturally contaminated scallop sample, confirming that a higher aqueous content is preferable for extraction of ASP toxins from shellfish.
A statistical analysis of the datasets from method validation was undertaken by using the principles detailed by ISO standard 5725-2 for repeatability and reproducibility of a measurement method (15) . Although established for analysis of interlaboratory data, the procedures are also suitable for within-laboratory data. Various sets of data gathered on different days were used to obtain an overall estimate of the precision of the method for repeatability (same day) and reproducibility conditions (different days, different operators). The variable for this analysis was chosen as the percentage recovery for the fortified and CRM samples divided into 2 concentration levels. The data sets and results are summarized in Table 2 . The repeatability relative standard deviation (RSD r ) was estimated as 9.7 and 6.1% at 1 and 10-20 mg/kg, respectively, whereas the corresponding reproducibility relative standard deviation (RSD R ) estimates were 9.7 and 8.0%. Part of the strong influence of the repeatability component arises from the grouping of recovery data for the different shellfish species that may have some systematic differences (Table 1) . Performance verification data gathered over a 4-month period with 37 batches of samples each containing a mussel blank fortified with DA at 1 mg/kg gave recovery (mean ± SD) of 88.9 ± 5.4% (16) . This demonstrated that, for a given species, reproducibility of the method may be considerably better than was established in the validation. Matrix matching of standards may assist in reducing biases from matrix effects on API (12) but cannot overcome some of the effects on repeatability due to the less predictable elution of components from previous injections. The repeatability could be improved by use of isotope labeled DA as an internal standard, but such materials are not currently available.
Uncertainty of Measurement
The theoretical background and some recommended approaches to take in estimating the overall uncertainty of measurements (U) in chemical analysis have been well covered in the Eurachem/CITAC guide (17) . The "bottom up" approach recommended by ISO provides difficulties for establishing U in instrumental trace analyses because the individual precision parameters required for many of the variables may not be readily accessible ("black box" in nature). Alternatively, the use of the RSD for interlaboratory reproducibility as a "top down" measure of U does not provide much insight to the sources of variation in a method and thus may not contribute to the path of continuous improvement that is central to laboratory quality assurance under ISO17025. For the present method, the Eurachem example for pesticide residues in bread (17; Appendix A4) seemed an appropriate model, whereby instrumental repeatability was treated as a black box variable and combined with other factors to provide an estimate of overall U for the method. The equation for the concentration of DA in shellfish by using the LC/MS/MS method (L, measurand) can be formulated as:
here F rep = repeatability factor for DA (1.0 with associated uncertainty); F hom = sample homogeneity factor (1.0 with associated uncertainty); F bias = bias factor (1.0 with associated uncertainty); A = area counts for LC/MS peak of DA in sample extract; RF = response factor (area· mL/ng from linear calibration function); V = volume of extraction solvent (16.0 mL) + subsample moisture; D = dilution factor (10); M = subsample mass (4.0 g); R = recovery factor for DA (based on fortification studies).
The following factors inherent to this equation that are considered likely to make significant contributions to U were evaluated. Two rather arbitrary concentration ranges were chosen reflecting the levels used in the validation. The standard uncertainties for these factors and their weightings are summarized in Table 3 .
Repeatability.-Within-day repeatability was the major contributor to reproducibility and therefore was an important component for the uncertainty of the overall measurements. Repeatability was dominated by the LC/MS determination step and this is regarded as a black box for the purposes of uncertainty evaluation. No study of the uncertainty components that might contribute to the precision of this step in the method was undertaken, although enhancement and suppression of ionization by coextractives is probably a major contributor. It will also include volumetric errors associated with preparation of the extracts that are 1-2%. The analysis of precision from the fortification and CRM studies was used to estimate uncertainty U repeat associated with repeatability. The SD r (Table 2) was used for the single-sample uncertainty for repeatability, assuming constant variance over ranges around the 2 fortification levels.
Bias.-No correction was made to results for the small bias measured from the CRM data. The very high specificity of the LC/MS/MS determination eliminated direct responses from unresolved coextractive components that can be a significant source of bias in many chromatographic methods using less selective detection techniques, e.g., UV absorbance. The SD of the mean difference between expected and found results for the CRM, S diff , was used as an estimate of the uncertainty in the bias (whether applied or not). S diff was calculated by combining the RSDs at the DA level of 9.75 mg/kg DA for the CRM (found) 0.044, and the CRM (expected) 2´0.25/9.75 = 0.051:
Recovery.-Whether a recovery factor is applied, there is uncertainty of this correction to measurement results, which was taken as the standard error of the mean recoveries (as fractions) at each of the 2 ranges (Table 2) .
Homogeneity.-No information was directly available on the uniformity of DA in homogenates prepared from shellfish flesh. From validation data gathered for the LC with UV detection method and the differences between subsamples for the prepared CRM homogenate, a conservative and informed estimate was 3%.
Calibrant.-There are errors associated with the LC/MS calibration standards arising from the purity or cross-referencing of the primary stock standards, from volumetric errors associated with preparing dilutions, and from degradation or volume changes during storage. Limited comparisons made between sets of standards allowed a conservative and informed estimate of 3% as the best that can be routinely achieved with DA standard solutions in small volumes.
Subsample mass.-The 4 g subsample is weighed on a 2-decimal-place, top-loading balance with better than 0.5% accuracy.
These 6 standard uncertainties were combined by using the square root of the summed variances normalized by the weighting factors (17) to give the overall U for the 2 concentration ranges (Table 3) . Thus, U for low levels of DA is 12%, whereas for high levels it is 7.9%. This may be an overestimate of the uncertainty due to double counting of errors between some of the factors. However, there may also be other variability not measured in this short-term within-laboratory validation.
Eurachem recommends that a coverage factor of 2 be applied to U in reporting individual analytical results (17) . This gives the expanded uncertainty range within which the true value lies with approximately 95% confidence. Thus, low-or high-level results would be reported with the above uncertainties expressed in concentration units as in the 2 following hypothetical examples: 1.8 ± 0.4 mg/kg; 24.1 ± 3.8 mg/kg.
The relatively high uncertainty associated with low-level residues of DA is of little practical consequence because the regulatory limit in shellfish is 20 mg/kg. However, as measured levels approach this limit, difficulties will arise in determining whether the sample is in violation. Replicate analyses would be required to reduce the uncertainty for a sample that was within 10% of the limit. The larger question of whether a whole shellfish consignment or all of a harvesting bed was in violation would need to take into account the sampling problem arising from the very high natural variability of DA levels in shellfish (7) .
Isomeric Form of DA
The method has been used routinely for monitoring ASP toxins in shellfish from New Zealand coastal waters. In the period July 2001-April 2002 a range of shellfish samples was found to contain significant levels of another isomer, denoted iso-DA, which eluted after DA and epi-DA (Figure 2) . In some cases, scallop samples contained more than 5 mg/kg iso-DA in addition to 1-2 mg/kg DA, but the isomer was not confined to this species. Based on mass spectral and UV absorption data, it was concluded that the isomer is similar to DA but with the 2 double bonds in the side-chain unconjugated (16) . Structural studies are continuing with material isolated from a cultured strain of Pseudo-nitzschia australis (18) . The level of iso-DA in shellfish samples can be estimated by application of an LC/MS/MS response factor of 0.50 times that for DA (16) , with confirmation of identity from the lower relative intensity of the confirmation mass transition (confirmation ratio 7.1 ± 0.5).
Conclusions
The introduction of this LC/MS method into the New Zealand marine biotoxin monitoring program has provided the benefits of speed, specificity, and lower detection limits over the LC-UV method for ASP toxins. The single-laboratory validation study has proved the method suitable for regulatory use and has provided valuable experience for the implementation of a comprehensive LC/MS/MS method to determine both ASP and a wide range of diarrhetic shellfish poisoning toxins in shellfish (11, 12) . In addition to the benefits of highly specific target toxin analysis, use of LC/MS in regulatory programs can also lead to detection of novel isomers of toxins as illustrated here by iso-DA. The estimates of overall uncertainty of results have highlighted the problem of repeatability in LC/MS determination by external calibration. Despite the high specificity, LC/MS determination for relatively crude extracts may be inherently less precise than, for example, LC-UV because of enhancement or suppression of ionization by coextractives. These effects on DA responses were minimized in this method by the use of relatively dilute extracts and optimization of the mobile phase composition. However, the RSD r was still >6%. 
